Ischaemic tissue damage represents the ultimate form of tissue pathophysiology due to cardiovascular disease, which is the leading cause of morbidity and mortality across the globe. A significant amount of basic research and clinical investigation has been focused on identifying cellular and molecular pathways to alleviate tissue damage and dysfunction due to ischaemia and subsequent reperfusion. Over many years, the gaseous molecule nitric oxide (NO) has emerged as an important regulator of cardiovascular health as well as protector against tissue ischaemia and reperfusion injury. However, clinical translation of NO therapy for these pathophysiological conditions has not been realized for various reasons. Work from our laboratory and several others suggests that a new form of NO-associated therapy may be possible through the use of nitrite anion (sodium nitrite), a prodrug which can be reduced to NO in ischaemic tissues. In this manner, nitrite anion serves as a highly selective NO donor in ischaemic tissues without substantially altering otherwise normal tissue. This surprising and novel discovery has reinvigorated hopes for effectively restoring NO bioavailability in vulnerable tissues while continuing to reveal the complexity of NO biology and metabolism within the cardiovascular system. However, some concerns may exist regarding the effect of nitrite on carcinogenesis. This review highlights the emergence of nitrite anion as a selective NO prodrug for ischaemic tissue disorders and discusses the potential therapeutic utility of this agent for peripheral vascular disease.
Introduction
Cardiovascular disease (CVD) is now entrenched as the foremost burdensome pathophysiological condition throughout the globe. Knowledge and treatment of CVD have been refined over the past several decades resulting in significant new advances for therapeutic interventions. Although lipid-lowering drugs and anti-thrombotic agents have revolutionized how CVD is treated, these and other agents do not completely rectify all pathological cellular responses during disease, indicating the need for different approaches to CVD management. In particular, the gaseous signalling molecule nitric oxide (NO) has been well characterized as a critical mediator of cardiovascular health that is often dysfunctional or lost during various disease states. Restoration of NO production and bioavailability has long been a desire for both researchers and clinicians, so that one day pharmacological agents could replete NO levels in diseased cardiovascular tissue. Targeted, efficacious NO therapy has been difficult to achieve due to many issues such as the volatile nature of NO itself and its chemical congers, the inability to achieve selective tissue delivery which can lead to undesirable side effects, and the controversial nature of NO biological functions in either beneficial or harmful ways, which could result in undesirable side effects. Fortunately, there may still be hope for targeted, effective, and minimally damaging NO-based therapy. Over the past several years, numerous laboratories have discovered that the nitrite anion serves as a prodrug for NO formation through a one-electron reduction reaction that occurs in various ways, thus providing a novel way to deliver NO bioequivalents that are beneficial for CVD.
NO biology and cardiovascular pathophysiology
In order to appreciate the potential therapeutic usefulness of nitrite anion, it is important to understand NO metabolism and function in cardiovascular health and disease. Seminal studies from different laboratories identified the gaseous free radical NO to be the elusive EDRF (endothelial-derived relaxing factor) which is central in regulating vascular tone and was the basis of the 1998 Nobel Prize in Physiology or Medicine. 1, 2 NO is important for a diverse array of molecular, cellular, and physiological responses including regulation of vascular inflammation and platelet adhesion, governing vascular growth and maturation, and modulation of cellular respiration, survival, and proliferation. 1, 3 NO reactivity in biological systems was initially described by reactions with metallo (haem) proteins and other free radical species, the classical example being NO-dependent activation of the haem protein-soluble guanylate cyclase (sGC) leading to activation of signalling cascades stimulating vasodilation. 1, 2, 4 Yet, numerous studies have shown NO interacts with many other biological targets including proteins, lipids, and nucleic acids ( Figure 1 ). 5 -8 NO also serves as an effective redox modulator through its direct ability to act as an antioxidant or by induction of antioxidant defences. 9 -11 Enzymatic processes largely accomplish NO generation, which results in both paracrine and endocrine effects of NO. Enzymatic NO formation occurs through sequential hydroxylation of L-arginine to N-hydroxy-L-arginine and then subsequent oxidation to L-citrulline and NO by different NO synthases (NOSs), namely neuronal NOS (NOS1), inducible NOS (NOS2), and endothelial NOS (NOS3). NOS enzyme function is regulated by a combination of variables including substrate (L-arginine) and co-factor (e.g. O 2 , NADPH, BH 4 , calcium-calmodulin, and other binding proteins) bioavailability along with various post-translational modifications of the enzyme such as phosphorylation, myristoylation, and S-nitrosylation. 12, 13 Importantly, tissue ischaemia results in perturbation of substrate and cofactor bioavailability leading to diminished NOS-dependent NO formation. Studies over the past 20 years have revealed that NO influences a multitude of intracellular responses including signal transduction, gene expression, and cell viability and proliferation through various mechanisms. It has been reported that these responses are significantly influenced by local amounts of NO that are generated or bioavailable. 14 For example, low (nM) concentrations of NO have been reported to increase signal activation of ERK and Akt/PKB as well as HIF-1a which contribute to cell survival; whereas, higher (mM) concentrations may elicit nitrosative stress through protein modification that can lead to cell damage or death. 10, 15 In this way, NO has been reported to be an important cytoprotective agent against cardiovascular ischaemia and reperfusion injury through multiple mechanisms, including limitation of inflammation, thrombosis, prevention of apoptosis, and changes in intracellular redox status. 16, 17 NO is also an important mediator of physiological and therapeutic angiogenesis. 18 -20 The importance of NO in regulating angiogenic activity is attributed to the fact that VEGFdependent angiogenesis involves signalling responses leading to NO production. 21, 22 Subsequent NO production can then activate other signalling pathways including sGC, PI3K, AKT, ERK 1/2, PKC, tyrosine kinases, and transcription factor activation to augment endothelial cell proliferation and survival. 23 -26 Genetic deficiency of endothelial nitric oxide synthase (eNOS), the predominant enzyme responsible for producing NO in the cardiovascular system, blunts angiogenesis, increases ischaemia-reperfusion injury, and enhances vascular inflammatory responses signifying that eNOS-derived NO is central in regulating cardiovascular homeostatsis, remodelling, and growth. 27 -32 Studies have also revealed that discrete intracellular localization of eNOS and subsequent NO generation play important roles in modulating various signalling and cellular responses. 33 -37 Together, these reports clearly delineate the importance and complexity of NO effects in cardiovascular tissues and its generation by eNOS. A consistent feature of CVD is dysfunction of NO-mediated signalling processes and physiological responses. Indeed, loss of NO bioavailability has been reported in patients and animal models of CVD. 38 This can result from defective NOS enzyme function and/or diversion of NO away from 'normal' targets to reactions with reactive oxygen species (e.g. superoxide anion radical) leading to the formation of secondary reactive nitrogen species (e.g. peroxynitrite) which can exacerbate tissue pathology. 10, 39 Restoring NO bioavailability during CVD represents an important therapeutic goal, which has not been realized largely due to the inability of site-specific delivery and undesired side effects of previous NO-donor compounds.
Nitrite biology and conversion to NO
Early studies examining physiological effects of nitrite found that high micromolar concentrations of nitrite could stimulate vasodilation; however, the fact that normal plasma concentrations of nitrite are much lower (nM) lead to the idea that nitrite was not involved in regulating vascular tone. 40 Moreover, physiological concentrations of nitrite were not found to stimulate vasodilation in humans reinforcing the idea that endogenous physiological levels of nitrite represent an inert end product of NO oxidation and reflect eNOS activity. 41 This idea has changed over the past several years as many investigators have demonstrated that near physiological plasma concentrations (high nM to low mM) of nitrite anion elicit vasodilation in hypoxic tissues. 42 -47 These findings have led to the appreciation that nitrite is not simply an inert metabolic by-product of NO bioavailability, but rather represents a novel and effective endogenous prodrug for generation of NO during various tissue pathologies. Importantly, nitrite reduction to NO has been observed across many animal species including mice, rats, dogs, non-human primates, and humans indicating that this response represents a critically important salvage pathway in which to sustain some amount of NO production during states of duress (i.e. ischaemia). 42,43,45 -47 Together, these recent findings reveal a novel nitrite/NO metabolic system designed to maintain the capability of NO production under multiple conditions. Red blood cell intracellular nitrite anion may serve as a reservoir buffer for NO equivalents which can be reduced back to NO through various mechanisms during tissue hypoxia or ischaemia. Nitrite anion reduction to NO was initially appreciated by the ability of deoxyhaemoglobin to reduce nitrite back to bioavailable NO equivalents. 48 56 However, specific mechanisms of nitrite uptake and transport by tissues remain poorly understood and require further study. Several different molecular pathways necessary for nitrite reduction are available within ischaemic tissues. Deoxymyoglobin can serve as a nitrite reductase leading to NO production during tissue ischaemia, playing an important role in preserving NO bioavailability during significant deprivation of oxygen. 45, 57, 58 This process is important for nitrite-mediated cytoprotection during ischaemia that could involve different protective mechanisms. 45, 58 Tissue ischaemia also increases molybdenum hydroxylase enzyme expression or activity which could also be important for nitrite reduction. 59, 60 Xanthine oxidase (XO) reduction of nitrite to NO has been reported and may be an important mechanism for non-enzymatic NO generation under hypoxic conditions. 61 The Zweier laboratory has shown that XO activity mediates nitrite reduction to NO tissue lysates from the liver and heart which is inversely related to oxygen tension. 62, 63 Feelisch et al. 64 has also shown that nitrite is readily converted into NO in hypoxic tissue within discrete intracellular compartments, with the majority of reduction occurring in microsomes, possibly by XO. Lastly, Webb et al. 65 reported deoxygenated red blood cells can also reduce nitrite through an XO-dependent process, with increasing acidosis and hypoxia influencing this response. Studies have also implicated aldehyde oxidase (AO) activity in reducing nitrite to NO in tissue lysates and intact vessels. 66, 67 However, the importance of AO over XO or tissue-specific responses between these processes remains poorly understood and requires further investigation. It will be difficult to determine the true importance of XO-dependent nitrite reduction for ischaemic cytoprotection in vivo, as XO inhibitors that block nitrite reduction also blunt ischaemia-reperfusion injury due to inhibition of superoxide production. 68, 69 Tissue ischaemia also results in decreased cellular pH which could result in acidic disproportionation of nitrite to NO independent of protein enzymatic activity. 70 Aamand et al. 71 recently demonstrated that carbonic anhydrase robustly increases nitrite-dependent NO formation which is potentiated by low tissue pH that occurs during ischaemia. Mitochondrial cytochrome c is also capable of reducing nitrite through haem iron pentacoordination under anoxic and acidic conditions. 72 Mitochondrial nitrite reduction to NO can be further influenced by cytochrome c oxidase and the availability of an electron donor such as NADPH. 73 Lastly, Vanin et al. 74 has
reported that recombinant eNOS protein can reduce nitrite to NO under hypoxic conditions which is similar to work from Webb et al. 65 reporting that the NOS inhibitor L-NAME can attenuate nitrite reduction in blood vessels. Together, these reports demonstrate nitrite reduction to NO is highly complex and likely occurs through several different mechanisms thereby establishing redundant pathways with which to maintain NO bioavailability.
Biological effects of nitrite anion
With numerous ways of converting nitrite to NO, it is not surprising that there are multiple cellular responses to nitrite therapy (e.g. sodium nitrite). The preponderance of studies have shown that beneficial effects of near physiological plasma concentrations (high nanomolar) of sodium nitrite therapy emanate from the reduction of nitrite back to NO as the NO scavengers carboxy-PTIO (2-phenyl-4,4,5,5,-tetramethylimidazoline-1-oxyl-3-oxide) or cell free haemoglobin blunt many of the beneficial effects of nitrite therapy. 43, 45, 55, 75 However, the biological effects of high, supraphysiological plasma concentrations of nitrite (high micromolar) may directly alter cellular responses through events such as protein nitration that mediate cell injury. 76, 77 This dichotomous response may be related to the observation that low-dose sodium nitrite therapies are more efficacious than higher doses. 45, 55 Nonetheless, in several disease models and at a range of concentrations, sodium nitrite therapy has been shown to be beneficial for experimental CVD and ischaemic tissue dysfunction. Likely, this is due to several nitrite reducing mechanisms including deoxyhaemoglobin, deoxymyoglobin, acidosis, elevated XO expression or function, and altered mitochondrial respiration found in diseased tissue. Specific biological effects of nitrite can vary and will undoubtedly reflect the response of the tissue or cell type involved as well as the dose administered. The identities of protective signalling pathways for nitrite therapy remain largely unknown but likely involve pathways affected by bona fide NO. Low-dose sodium nitrite therapy during acute ischaemia-reperfusion (I/R) injury of either the heart or liver can rapidly elevate intracellular NO metabolites such S-nitrosothiols followed by a later increase in N-nitrosamines and iron-nitrosyl proteins. 45 These observations are consistent with NO-dependent changes in intracellular signalling cascades and protein functions as previously described. 9, 15 Conversely, Bryan et al. 78 reported high micromolar doses of sodium nitrite increase cGMP levels, and HSP70 and haem oxygenase-1 (HO-1) expression in tissues through a carboxy-PTIO-independent manner implicating direct effects of nitrite anion itself. Low-dose sodium nitrite therapy also up-regulates HO-1 expression which appears to be an important mediator of nitrite-dependent cytoprotection. 45 Nitrite conversion to NO can inhibit mitochondrial respiration and prevent uncoupling of electron transport which could attenuate apoptosis signalling. 58 Lastly, sodium nitrite therapy may also facilitate ischaemic preconditioning through its effects on the mitochondria. 79 These studies demonstrate that the effect of nitrite on cellular signalling and metabolic responses is complex and that additional studies in this area are needed to better Nitrite therapy and PAD understand specific cytoprotective mechanisms involved in nitrite therapy during tissue ischaemia.
The nitrite/NO endocrine system
Recent work from ours and other laboratories suggests that nitrite anion can act in an endocrine manner through organ-specific up-regulation of NO synthesis that increases systemic plasma nitrite levels which benefits distal tissues during ischaemic stress. Due to the short half-life of NO in blood and other biological compartments, it was thought that NO production is only capable of local site-specific effects. Therefore, to address the functional and metabolic relationship between NO and nitrite, Elrod et al. 80 performed an elegant series of experiments demonstrating organ-specific eNOS-derived NO production is able to affect functional responses of distant organs. In this study, specific cardiac myocyte eNOS overexpression was shown to significantly increase plasma, cardiac, and hepatic tissue nitrite, nitrate, and nitrosothiol levels. Surprisingly, these mice were observed to have significant protection against acute hepatic ischaemia/reperfusion injury in an NO-dependent manner indicating that in this model cardiac myocyte-derived NO or its bioequivalent (e.g. nitrite) could be transported through the circulation to increase distal organ NO bioavailability. Likewise, we recently demonstrated that the anti-platelet agent dipyridamole significantly increases plasma nitrite levels which augments ischaemia-induced arteriogenesis and angiogenesis during chronic ischaemia of the hindlimb. 81 Using eNOS deficient mice, we discovered that dipyridamole therapy significantly increased eNOS activity in non-ischaemic skeletal muscle tissue leading to increased NO production and plasma nitrite levels which subsequently enhanced ischaemic muscle tissue nitrite levels and vascular growth in an NO-dependent manner. 81 These studies, coupled with those describing nitrite reduction back to NO within tissues, clearly demonstrate that nitrite anion serves as a stable NO equivalent that is reciprocally influenced by NOS-derived NO to establish an endocrine system to maintain adequate NO bioavailability. However, the field is only beginning to appreciate the importance and nature of the nitrite/NO endocrine system as little is known about specific-mechanisms of nitrite transport and retention in tissues and how increasing tissue nitrite levels affects endogenous enzymatic sources of NO generation. 55, 82 Dipyridamole has been previously reported to have deleterious effects when administered orally to patients with pre-existing atherosclerosis. Keltz et al. 83 found that dipyridamole could induce myocardial ischaemia when administered orally in approximately 5% of patients reviewed, who had previous cardiovascular complications, through a possible 'steal phenomenon'. 84 The amount of dipyridamole used in this study was 100 mg and myocardial infarction was observed shortly after oral administration. However, chronic dosing of dipyridamole, 75 mg twice a day over 5 days, did not elicit myocardial ischaemia following high-dose dipyridamole stress tests in at-risk patients highlighting the complexity surrounding the effects of this drug. 85 Importantly, extended release formulation (200 mg twice daily) of dipyridamole combined with aspirin therapy has proven successful in clinical trials testing the efficacy of dipyridamole for secondary stroke prevention with no increased incidence in myocardial ischaemia after repeated dosing of dipyridamole. 84 In aggregate, these studies suggest that chronic dipyridamole therapy may be clinically useful despite previous negative reports. Additional experimental and clinical studies are needed to better determine when and if dipyridamole therapy may be useful for patients with peripheral vascular disease.
Therapeutic potential of inorganic nitrite for peripheral vascular disease
With the discovery of nitrite reduction back to NO under permissive conditions, inorganic nitrite therapy may prove very useful for various CVD states. Historically, sodium nitrite was briefly used at the turn of the twentieth century for severe hypertension, as it was able to effectively reduce blood pressure within several hours after administration. However, due to side effects such as methemoglobinaemia, headache, syncope, and its lower efficacy on blood pressure reduction compared with amyl nitrite, the use of sodium nitrite fell out of preference against other anti-hypertensive therapeutics and is now primarily used as an antidote to cyanide poisoning. 86, 87 Methemoglobin formation is one of the more problematic side effects of sodium nitrite with levels of 20 -30&per; causing respiratory-related complications in otherwise healthy patients. 88 Another complication of sodium nitrite was appreciated in the 1970s suggesting that consumption of large quantities of sodium nitrite resulted in gastric nitrosamine formation which was thought to contribute to carcinogenesis leading to strict government regulations for human nitrite consumption. 89 -91 Closer investigation of this hypothesis by the US Department of Health and Human Services National Toxicology Program found that the risk of sodium nitrite-mediated carcinogenesis is equivocal to nonexistent at large doses (100-220 mg/kg a day) which are a log order higher than doses shown to confer protection against ischaemic tissue damage (i.e. 100-200 mg/kg). 92 Moreover, a recent report goes so far as to suggest that orally administered 'sub-toxic doses' of nitrite may facilitate NO-mediated apoptosis within a tumour. 93 The principal idea of this hypothesis is that well-vascularized tumours never reach a critical NO concentration to induce apoptosis due to rapid loss of NO equivalents down a gradient formed between tumour cells and the vascular system. 93 As such, increasing circulating levels of bioavailable NO equivalents might diminish this gradient loss thus augmenting tumour cell NO accumulation and ultimately apoptosis. 93 While this and other hypotheses remain currently untested, it is clear that substantial precautions must be taken to address and monitor the effect of nitrite therapy on tumourigenesis events during clinical trials and future therapeutic regimens.
Peripheral arterial disease
Peripheral arterial disease (PAD) is broadly defined as an occlusive vascular disorder of the upper or lower extremities typically due to pathological events such as atherosclerosis, vasculitis, or thrombosis abnormalities. While the overall incidence of CVD has largely stabilized, the incidence of PAD is clearly increasing. 94 PAD has historically been diagnosed in elderly populations; however, there has been a rise in disease incidence in younger patients (40 years old or less) due to the epidemics of diabetes and obesity. 95, 96 Hence, PAD incidence will continue to grow due to increases in the elderly population, diabetes, and obesity in the USA and Europe, as well as in other regions with increasing prevalence of diabetes and smoking (e.g. Asia). The 2005 ACC/AHA guidelines on PAD estimated the following rates of averse limb and cardiovascular outcomes at 5 years with 70 -80&per; having stable claudication, 10 -20&per; with progressive claudication, and 1-2% evolving to critical limb ischaemia (CLI) in patients initially diagnosed with noncritical claudication. 97 Importantly, PAD patients are at significantly greater risk for myocardial infarction or stroke associated with an increased mortality rate. 98 Such alarming statistics of PAD incidence, morbidity, and mortality highlight the urgent need for better treatment of this condition. Several different therapeutic approaches may be employed for the management of PAD including supervised exercise therapy and pharmacological agents such as anti-platelet agents (clopidogrel), pentoxyphylline, and cilostazol, and lipid-lowering agents (statins) which all may provide some degree of benefit, but often have different durations of efficacy amongst PAD patients. 99, 100 Generally, anti-platelet agents are used in conjunction with aspirin for the treatment of PAD. However, some anti-platelet agents such as pentoxiphylline have limited to no ability to reduce PAD-associated claudication. 101 Surgical revascularization and percutaneous intraluminal stenting techniques can also improve blood flow to the extremities affected by PAD. 102 Unfortunately, a sizeable portion of patients with PAD, especially those with CLI, often respond poorly to these treatments because of diffuse atherosclerotic disease, poor distal conduits, or co-morbid conditions. Therapeutic angiogenesis still remains an attractive treatment approach for PAD patients and those in which surgical intervention provides a poor prognosis (e.g. CLI). Several different therapeutic angiogenesis agents have been identified including growth factors, transcription factors, and signalling molecules which substantially augment chronic ischaemia-induced angiogenesis in animal models. 103 However, to date, successful gene or cell therapy approaches in animal models have proved disappointing in clinical trials for PAD therapy. 104, 105 Several possible factors could explain these results including suboptimal clinical trial designs, differences in vascular pathophysiology between rodents vs. man, as well as the fact that many experimental agents are preclinically evaluated in healthy animals with immediate therapeutic intervention. Why then might nitrite anion therapy succeed where so many others failed? The first answer to this question is straightforward and centres on the fact that the majority of previous therapeutic angiogenesis approaches would have required functional cofactors or normal tissue responses to exert their effects. For example, VEGF-based therapy largely relies on eNOS/NO production to mediate its effects, yet eNOS dysfunction and oxidative stress is rampant in PAD patients. Likewise, other approaches such as L-arginine supplementation, eNOS gene therapy, or transcription factor therapies depend on 'normal' metabolic factors and responses such as availability of NADPH, BH 4 , ATP, and proper protein translation and signalling responses which may be greatly diminished or altered in ischaemic tissue. In diseased tissue settings, a more logical approach would be to cooperatively use or amplify tissue rescue responses such as nitrite reduction back to NO through a multitude of different ways. In this way, nitrite therapy may help 'right the ship' such that other approaches could even be employed to further stimulate vascular growth and tissue healing. The second answer to this question is also the fact that NO plays a central role in maintaining vascular health and critically orchestrates endothelial cell growth and vascular remodelling responses. This is exemplified by the fact that loss of NO bioavailability or function is a common denominator in major vascular disorders including hypertension, atherosclerosis, arteriosclerosis, PAD, and numerous vasculidities. 38, 106 Lastly, it is still not as widely appreciated among research investigators and clinicians that plasma nitrite levels accurately reflect the degree of eNOS function and amount of NO bioavailability which inversely correlates with the number of CVD risk factors compared with other indicators of vascular health such as hs-C-reactive protein. 107, 108 Recent evidence is also emerging that plasma nitrite levels may also reflect physiological differences in PAD patients with or without diabetes mellitus. Allen et al. 109 recently published an interesting study looking at the effects exercise on plasma nitrite levels in different groups of PAD patients. The patients studied were categorized into one of four different groups: RF group had more than two traditional cardiovascular risk factors but no diagnosed CVD, DM group had type-2 diabetes but no diagnosed CVD, PAD group had intermittent claudication for more than 3 months; and DM + PAD. Brachial artery dilation per cent change during exercise was found to be highest in the RF group and lowest in the PAD and DM + PAD groups. These results correlated with plasma nitrite levels which showed increases in RF nitrite levels and a significant decrease in nitrite levels in PAD and DM + PAD groups. Interestingly the DM, PAD, and DM + PAD groups had higher levels of plasma nitrate than the RF group possibly suggesting that ongoing vascular disease could decrease plasma nitrite levels due to further oxidation to nitrate thereby decreasing the amount of readily convertible bioequivalents NO in these patients. This observation is corroborated by previous reports examining NO metabolites in PAD patients which reported increased nitrite/nitrate plasma levels using the Griess method of detection. 110, 111 It is important to clarify that these studies did not distinguish absolute plasma levels of nitrite vs. nitrate thereby resulting in a misleading conclusion that NO production is increased in these patients when it is possible that the plasma nitrite/nitrate balance shifts towards nitrate which does not readily confer ischaemic tissue cytoprotection like nitrite. 45, 55 It is clear that additional studies are needed to better understand the nitrite/nitrate relationship in PAD and their association with changes in redox status. Our laboratory has reported that sodium nitrite anion therapy serves as a highly potent and selective NO donor which stimulates ischaemic vasodilation, cytoprotection, and robust angiogenic activity in the permanent femoral artery ligation model of hindlimb ischaemia. 55 In this study, we found that sodium nitrite therapy quickly restored ischaemic hindlimb reperfusion and blood vessel growth over a few days in a NO-dependent manner; whereas, sodium nitrate therapy was unable to significantly augment these parameters. We also observed that tissue nitrite levels were significantly elevated at early time points compared with the non-ischaemic limb, and that tissue nitroso-thiol and nitroso-haem were elevated later as levels of nitrite decreased. These observations suggest that nitrite anion could be differentially taken up and metabolized in ischaemic vs. nonischaemic tissue. Interestingly, we also found that nitrite therapy diminished eNOS protein expression over time, reinforcing the notion of a nitrite/NO endocrine system and corroborating a similar observation by Lang et al. 82 One limitation of our study was the fact that sodium nitrite therapy was begun immediately after induction of permanent ischaemia, as it could be argued that immediate initiation of nitrite therapy might quickly augment collateral vessel perfusion and limit tissue damage. 112 However, unpublished findings from our lab demonstrate that even when sodium nitrite therapy is began 5 days post-hindlimb ligation it still elicits rapid restoration of ischaemic limb blood flow. Together, these findings demonstrate that nitrite therapy augments ischaemic tissue reperfusion using treatment regimens that more closely reflect clinical situations. We have also begun to identify specific molecular mediators involved in nitrite-dependent ischaemic tissue revascularization and repair using whole genome expression profile analysis in the permanent hindlimb ischaemia model. 113 In this study, we examined genome-wide expression differences in ischaemic gastrocnemius muscle tissue from PBS control and sodium nitrite-treated animals.
Nitrite therapy and PAD Using Ingenuity network analysis, we identified a broad spectrum of changes in gene expression, many of which have not been previously associated with ischaemic healing responses or nitrite/NO metabolism pathways. Nitrite anion therapy elicited a strong and predominant decrease in gene expression with a clear effect on innate and acquired immune response genes while selectively increasing vascular and muscle gene expression at day 3. Conversely, genome expression analysis at day 7 revealed that nitrite therapy predominantly up-regulated gene expression with significant increases of tissue repair and extracellular matrix genes demonstrating that nitrite therapy alters tissue responses in a multifactoral manner over time (i.e. affecting more than one target) thereby maximally augmenting tissue reperfusion and healing. Several interesting genes were identified in our gene array study that confirms nitrite therapy affects multiple tissue types within the ischaemic limb. Nitrite therapy quickly increased vascular endothelial cadherin (VE-cadherin/cadherin 5) expression which is a key regulator of endothelial cell angiogenic activation. 114, 115 Interestingly, nitrite therapy significantly increased muscle gene expression involving cellular metabolism, repair, and differentiation. Myosin heavy and light chain gene expression were significantly elevated at day 3 along with glycogen synthase 1 indicating that nitrite augments ischaemic myocyte function. Nitrite therapy also increased myogenin expression by day 3 post-ligation suggestive of increased myoblast or satellite cell differentiation. 116, 117 Lastly, nitrite therapy significantly decreased expression of innate and acquired immune response genes including CXCL6, CXCL12, C-type lectin domain family adhesion proteins, allograft inflammatory factor 1, and formyl peptide receptor 2 among several others. It appears that nitrite therapy simultaneous confers anti-inflammatory and pro-cardiovascular/muscle gene expression early on which is all likely to be important for effective resolution of chronic tissue ischaemia. However, future studies focusing on the roles of these molecules during nitrite therapy are needed in order to better understand specific mechanisms of nitrite-mediated cytoprotection and tissue repair.
Atherosclerotic vascular disease
Atherosclerosis is the primary pathophysiological mediator of peripheral vascular disease, involving both inflammatory responses and endothelial cell dysfunction. NO production decreases due to several factors (e.g. oxidative stress, dysfunctional NOS activity, increased arginase expression, and others) as peripheral vascular disease progressively develops. 118, 119 This decrease in NO bioavailability directly facilitates increased leucocyte adhesion, platelet aggregation, and adherence, and results in dysregulation of vascular tone. 120 -122 These inflammatory factors coupled with a reduction in NO synthesis clearly contribute to initiation and propagation of atherosclerosis, suggesting that nitrite therapy might be a useful modality for atherosclerotic vascular disease. 110, 123, 124 Recent work from Stokes et al. 125 suggests that this could be true. This study Figure 2 Illustration of a physiologically healthy vessel compared with a diseased vessel and the effect nitrite therapy has on diseased vessels. The healthy vessel on the left is capable of adequately regulating blood flow to perfuse distal tissues. When this same vessel becomes dysfunctional due to atherosclerosis, vascular responsiveness is lost concomitant with luminal stenosis leading to reduced blood flow and oxygen delivery in distal tissues.
Nitrite is able to augment collateral vessel perfusion and increase blood vessel growth thereby increasing blood flow to ischaemic tissues.
reported that oral nitrite therapy in the drinking water significantly attenuated hypercholesterolaemia-mediated leucocyte recruitment to the vascular wall and also restored endothelial cell-dependent vasorelaxation responses. These initial observations suggest that the nitrite therapy approach to increase NO bioavailability could possibly be beneficial during atherosclerotic inflammatory vessel disease. However, no studies have examined whether nitrite therapy affects atherogenesis development and vascular disease in experimental models.
Conclusion
Nitrite anion is now well known to act as an important buffer for NO bioavailability and has been shown to enhance multiple vascular responses necessary for reperfusion of chronically ischaemic tissue ( Figure 2 
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